The apical meristem of the short-day plant Chenopodium rubrum responds to photoperiodic flower induction with specific changes of pH and Ca 
INTRODUCTION
The process of photoperiodic flower induction has been studied intensively for decades. Both the perception of the photoperiodic signal in leaves by phytochrome, and the changes in metabolism and gene expression associated with flower development are well understood. However, despite all the information on genes involved in flower development, the mechanism by which the signal is transported from the leaves to the apical meristem is still to be elucidated. The timing and kinetics of signal transduction will be very important clues as to the nature of the flowering signal.
The time between the perception of the signal in leaves (defined as the end of the inductive dark period) and the developmental switch at the apical meristem can be estimated by defoliation experiments (King 1972) . This time span appears to be specific for the studied plants, and has been frequently used for calculating the speed of the signal transport from leaves to the apical meristem (Evans 1969; Bernier, Kinet & Sachs 1981) . This experimental approach assumes that the signal is transduced as a linear cascade beginning in the leaf and continuing throughout the shoot to the apical meristem. Here, metabolic and cytological changes follow, leading to flower development. Little attention has been paid to the events occurring in the apical meristem during the time span between the perception of the photoperiodic signal in the leaves and the anticipated transport of the signal.
Our studies using fluorescent ion indicators have revealed that the apical meristem of Chenopodium rubrum responds to the inductive photoperiod immediately after the inductive dark period. The response is initially noticed as a change from fine patterning in the distribution of calcium ions to an almost homogeneous distribution. An increase of the average intracellular concentration of calcium in the meristem from about 150-270 n M was also observed (Walczysko, Wagner & Albrechtová 2000) . Furthermore, intracellular pH-values showed similar changes to those seen for calcium concentrations, including an increase of the average values (Albrechtová, Metzger & Wagner 2001) .
In the present study we aimed to clarify the specificity of the observed changes in pH and calcium ion patterning at the apical meristem during photoperiodic flower induction in order to assess their possible role in signal transduction.
MATERIALS AND METHODS

Short-day plants
Plants of Chenopodium rubrum L. (strain 374) 2-3 weeks old-were used, when the fourth pair of leaves emerged.
Flowering could be induced with one short day. Plants were grown in continuous white light (see below) at 24 ∞ C in a growth chamber. They were synchronized with four cycles of 4 h dark/20 h light and immediately thereafter transferred to one of the following experimental treatments: as an inductive dark period a 12 h dark span was applied. For a red light break, the inductive dark period was interrupted after 6 h with 20 min of red light (see below). The red light break was followed by 20 min of far-red light (see below) for reversion. A far-red light break was applied to interrupt the inductive dark period with 20 min of far-red light after 6 h of darkness. As a control, one more synchronizing cycle (4 h dark) was applied. After the dark period, the plants were transferred to continuous white light. Samples were always taken 7 and 12 h after the beginning of the dark period. In all treatments the physiological response (flowering or non-flowering) was ascertained 8 d later.
Long-day plants
Plants of Chenopodium murale L. (strain 197) were used at the age of about 6 weeks, after the emergence of the fourth pair of leaves. The physiological age was comparable with the plants of C. rubrum used. Two or three inductive long days were necessary to induce flowering. Plants were grown under the non-inductive photoperiod of 4 h light/20 h dark at 24 ∞ C in a growth chamber. They were transferred to inductive continuous light for 1, 2 or 3 d and thereafter kept under the original non-inductive photoperiods. Controls were kept under non-inductive photoperiods. In all treatments the physiological response (flowering or nonflowering) was ascertained 8 d later.
Light sources
White light: xenon high-pressure arcs 10 kW, Osram XQO (Osram, Munich, Germany), photon flux ~ 200 mol m -2 s -1 , filtered through heat absorbing filters KGI, 3 mm (Schott, Mainz, Germany) and a thermopane double glass window (Fig. 1a) . Red light: Dulux-S-Lamps 9 W, Osram W 60 with a red filter GS 501 3 mm (Röhm & Haas, Darmstadt, Germany), photon flux ~ 71 m mol m -2 s -1
, maximal intensity at 600 nm (Fig. 1b) .
Far-red light: halogen lamps 500 W, Philips QWF 420 (Philips, Wuppertal, Germany), filtered through a combination of red and blue filters, red as for red light and blue GS 627 3 mm (Röhm & Haas); photon flux ~ 147 m mol m -2 s -1 , maximal intensity at 720 nm (Fig. 1c) .
The spectra and the photon fluxes were measured on the height of the plants.
The following levels of active phytochrome f ( P fr / P tot ) were established in C. rubrum by the different light sources: white light f = 0.69, red light f = 0.79 and far-red light f = 0.081. Levels of phytochrome were estimated from spectrophotometric data (Sebastian Ruiz Fernandez, unpublished results).They were measured directly in leaves of etiolated plants after saturating irradiation according to Hayward (1984) .
Determination of pH and Ca 2 + + + + in the tissue
Fluorescent pH and Ca 2 + indicators were used (Walczysko et al . 2000; Albrechtová et al . 2001) . The freshly dissected apical meristems were cut longitudinally through their middle plane using a vibratome. During dissection and cutting the meristems were kept in MES buffer (Roth, Karlsruhe, Germany; 25 m M , pH 6) in order to minimize wound reaction. Sections were incubated in solutions of the probe(s) in MES buffer, either 1 h in a pH-probe carboxy SNARF-1-AM (8.0 m M ), or 2 h in a mixture of the two calciumprobes, Fluo-3-AM and Fura Red-AM (11.1 and 45.9 m M , respectively; all probes Molecular Probes Europe BV, Leiden, The Netherlands). Stock solutions of the probes were prepared in DMSO in concentrations of: 4 m M for carboxy SNARF-1-AM, 11.1 m M for Fluo-3-AM and 45.9 m M for Fura Red-AM. Polyol surfactant Pluronic F-127 (20% in dimethylsulfoxide; Molecular Probes Europe BV) was mixed with the stock solutions of the probes 1 : 1 before addition to MES buffer in order to improve loading. The final concentration of DMSO in the working solution was about 0.4%.
Confocal imaging was performed using a Leica TCS 4D confocal laser scanning unit (Leica Microsystems, Bensheim, Germany) attached to a Leitz RM RBE fluorescent microscope (Leica Microsystems). The 488 nm line of an argon/krypton laser was used for excitation. The emission was detected at 515-580 nm for the acidic form of SNARF and at > 610 nm for the basic form of SNARF for pH measurement, and at 515-580 nm for Fluo-3 and at > 610 nm for Fura Red for [Ca 2 + ] measurement. Frames of 1024 ¥ 1024 pixels were taken. For every image, a series of four optical sections was taken at regular intervals through the whole first cell layer and combined before the ratio was calculated. The voltage applied to the detection photomultipliers was kept constant, whenever possible. If necessary, the voltage was slightly adapted. In these cases, the correction was then applied, derived from the relationship between applied voltage and observed fluorescence for every emission channel (Walczysko et al . 2000) . The ratios were computed using M ETA M ORPH and M ETA F LUOR software (Visitron Systems, Puchheim, Germany) as described by Walczysko et al . (2000) after the eventual voltage correction and after the background subtraction. They were evaluated by dividing the longer-wavelength (basic) channel image by the shorterwavelength (acidic) channel image for estimation of pH, and Fluo-3 channel image by the Fura Red channel image for estimation of calcium concentrations.
The ratio values were converted to pH-and [Ca 2 + ] values using in vitro calibrations (Fig. 2) . The co-loading and distribution of Fluo-3 and Fura Red in the tissue was tested in vivo using the ionophore 4-bromo-A-23187. Similar kinetics of loading and similar distributions were confirmed for Fluo-3 and Fura Red (Walczysko et al . 2000) in accordance to the results of Lipp & Niggli (1993) . Localization of the fluorescent probes in the cytoplasm and the nucleus was verified at higher magnification (Fig. 3) . No sequestration into the organelles other than the nucleus was observed with any of the probes used (Albrechtová, Slavík & Wagner 1997; Walczysko et al . 2000) .
At the apical meristem only undifferentiated cells were monitored (Fig. 4) , these showed negligible autofluorescence in both emission channels. The differentiating cells showed too much autofluorescence at the wavelengths used.
Figures 5 
Quantification of patterning
Patterning was defined as a grade of inhomogeneity over the undifferentiated tissue (area of interest, Fig. 4 ). The linescan method, as published by Walczysko et al . (2000) , was used: the area of interest was marked by three parallel lines, two border lines 30 pixels apart and a centre line, as shown in Fig. 4 . The area was scanned from left to right calculating for each pixel of the centre line the average of the grey values of the 30 pixels between the border lines perpendicular to the centre line. The resulting linescan representing the inhomogeneity of the strip is plotted with each figure.
RESULTS
Typical patterns of pH and Ca 2 + + + +
Apices were classified in three groups according to the linescan graphs. Typical patterns and their linescan graphs are shown for Chenopodium rubrum (Fig. 5 ) and for Chenopodium murale (Fig. 6) .
A stripy pattern was characterized by fine zonation, as alternating stripes of cells with pH-or [Ca 2 + ] differences. In several cases, Ca 2 + patterning was more complex, resembling a chess board-like pattern. The linescan graphs showed several maxima and minima with high amplitude. The stripy pattern was typically found in apical meristems of vegetative plants.
A uniform pattern was characterized by an almost homogeneous pH-and [Ca 2 + ] distribution in the whole tissue. In this case, the linescan graphs showed variations with low amplitude. A uniform pattern was typical for the apical meristems of induced plants.
The third group contained all apices, which showed either no clear patterning with respect to the two groups described above, or patterning with more than one feature. They are classified as showing intermediate patterns in the following text.
To test whether the observed changes are indeed specific for flower induction, it was important to distinguish between the effect of prolonged darkness itself and photoperiodic flower induction. Two strategies were applied in this study: first, an interruption of the dark period with a short red light pulse (red light break). This treatment fully inhibited flowering by alteration of phytochrome in leaves, namely the far-red reversibility. The duration of the applied dark period remained unchanged. Second, responses of the SDP and LDP Chenopodium species C. rubrum and C. murale were compared. Despite both plants being closely related, they require different photoperiods for flower induction.
The effect of red-far red light treatment on pHand Ca 2 + + + + patterning in Chenopodium rubrum
The typical changes of pH-and Ca 2 + distribution patterns, as observed after the inductive dark span, were abolished after application of a red light break (Tables 1 & 2) . About half of all apices showed uniform pattern and no stripy pattern was observed after 7 h of dark span. The effect of the red light break was pronounced immediately after the red light treatment: no uniform pattern was found and two apices showed stripy pattern. At the end of the dark period in all apices only the uniform pattern was observed, but after red light treatment only one-third of all apices displayed a uniform pattern. If the red light break was followed by far-red light, the patterns resembled those of the inductive dark period alone, thus demonstrating far-red reversibility.
In vegetative controls only the stripy patterns were observed in all apices. In an additional control experiment, pH patterns were determined after the application of a farred light break. After this treatment, only typical uniform patterns were observed even immediately after the application of the far-red light treatment. Far-red light thus enhanced the effect of darkness.
Flowering of induced plants was verified 8 d later (Table 3) . Plants treated with a red-light break did not flower and showed no morphological differences when compared with control plants treated only with a noninductive synchronizing light/dark cycle.
PH-and Ca
+ + + + patterning during flower induction in Chenopodium murale
Although Ca 2 + patterning at the apical meristem of C. murale resembled the characteristics typical for the response of C. rubrum to an inductive photoperiod (Table 4b ), the pH patterning was not clear cut and did not change significantly during different photoperiodic treatments (Table 4a ). The gradual flower induction during the three inductive photoperiods occurred in parallel with an increasing number of apices showing uniform pattern, and decreasing number of apices with stripy pattern in case of Fig. 5a . A border is drawn around the undifferentiated tissue (red line, M in Fig. 4a ). The cells outside of this zone (D in Fig. 4a) could not be monitored, because of the interfering autofluorescence of chloroplasts and big vacuoles. Patterning was defined as a grade of inhomogeneity over the undifferentiated tissue (M, area of interest). The linescan method after Walczysko et al. (2000) was applied in order to quantify differences in inhomogeneity between the typical patterns. For every linescan, a line was drawn along the border of the apex (full black line) and two parallel lines produced in a constant distance of 15 pixels each (dotted lines). Means of grey scale values from all 30 pixels between these lines were graphed against the position on the middle line, giving the linescan graph. 
DISCUSSION
Our previous studies have revealed an unexpected early response of the apical meristem of Chenopodium rubrum to flower induction (Albrechtová et al. 1997 (Albrechtová et al. , 2001 Walczysko et al. 2000) . The response, first observed as a change of pH and calcium patterning in the apical meristem, was detectable immediately after the end of the flower-inducing dark span. Our current experiments were designed to distinguish between the influence of the prolonged dark span, as necessary for flower induction of a short-day plant C. rubrum, and the specific response of flower induction. The results of this study confirmed the specificity of the observed changes at the apical meristem. The involvement of phytochrome action was confirmed by red-far-red light reversibility of the specific response in C. rubrum, both for pH and for calcium. The role for calcium in photoperiodic flower induction was additionally validated by our results in a long-day plant Chenopodium murale, in which the Ca 2+ patterning at the apical meristem changes in a similar way 
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as in C. rubrum after flower induction. The possible involvement of calcium and pH in the signal transduction in photoperiodic flower induction, as proposed by Friedman and co-workers (Friedman et al. 1992) , is strongly supported by the results of this study. Friedman and co-workers showed an inhibition of flowering in a short-day plant Pharbitis nil under inductive conditions due to exogenous application of substances inhibiting an increase in calcium and pH.
The results also support our proposition that signal transport is much faster, than commonly thought. In fact the signal probably arrives at the apical meristem almost immediately after perception of the inductive dark period by the leaves. The specific changes could be already detected 1 h after the dark span exceeded critical time in C. rubrum (critical photoperiod for induction of flowering is 18 h light/ 6 h darkness for C. rubrum, strain 374; Cumming & Wagner 1968) . Similarly, the response to red and far-red light treatment (the operational criterion for phytochrome action) was detectable 1 h after the treatment by a change in ion distribution at the apical meristem.
Arguments against this view come from defoliation experiments, as performed by King for C. rubrum (King 1972 ). King observed, that up to 20 h after the end of the inductive dark span, flowering can be prevented by cutting off the leaves. This observation was interpreted as the slow transport of the signal out from the leaves into the shoot. 
We suggest another hypothesis: after perceiving the light signal in the leaves, the apical meristem might get the message immediately and then respond with metabolic changes. The response can be visualized, for example, as changed ion patterns. Nevertheless, the communication between the leaves and the apical meristem has to persist for several hours, either to fix the changes, or to hold the apical meristem in the transitory state for a sufficiently long time. After reaching a new metabolic balance, the apical meristem will switch to flower development. At this point, gene expression would probably be changed, starting the programme for flower development. The fast signal transduction excludes a primary role for chemical signalling and implies rather physical signalling, for example electric and/ or hydraulic mechanisms (Wagner et al. 1998) . This would be similar to other systemic reactions such as wound reaction (Léon, Rojo & Sánchez-Serrano 2001) . The changed patterns of electric signalling were detected in C. rubrum and C. murale as a response to an inductive photoperiod (L. Lehner, J. Normann, J.T.P. Albrechtová and E. Wagner, unpublished results).
The apical meristem responds to the start and duration of the dark span by gradually changing the pH patterning in C. rubrum (Albrechtová et al. 2001) , but the specific homogeneous pattern can only be observed after arrival of the flower-inducing signal, as shown by our current results. This seems to be also true for calcium, as suggested by provisional data for the kinetics of the calcium changes during the whole dark span (J.T.P. Albrechtová and P. Walczysko, unpublished results). The long-term elevation of pH and calcium levels resemble ultra-slow waves or gradients, which were shown to precede morphological patterning in animals (Jaffe 1999) , and also during zebra-fish development (Créton, Speksnijder & Jaffe 1998) , among others. Whereas very little is known about the pH-mediated signalling in plants, an increasing amount of data dealing with the role of calcium has been published. Low cytoplasmic pH in animals cells is related to dormancy and increasing pH is necessary for cell division to occur. However, this has not been confirmed in plants (Kurkdjian & Guern 1989) . In plants, photosynthetically active cells respond to a decrease in light intensity with a rapid cytosolic acidification. Dark- Values are given as numbers of plants. (Felle & Bertl 1986) . Meristematic cells, however, are not photosynthetically active, and to our knowledge, nothing is known about the direct response of non-photosynthetic plant cells to light signals. Cytoplasmic and apoplastic pH is discussed as a signal in systemic reactions, as in drought stress and in symbiosis and defence, usually in relation to calcium signalling (Felle 2001) , but the role of pH in signal transduction has not yet been satisfactorily proved in any of the examples discussed. With our investigation, we also cannot provide any proof on the significance of pH changes in morphogenetic signalling. The increase of both pH and calcium concentration at the apical meristem seems to be a specific and necessary prerequisite for flower induction and for the subsequent switch in morphogenesis (Friedman et al. 1992; Takeno 1993) .
In contrast to pH, the role of calcium in signalling in plant growth and development is well established (Bush 1995) . The involvement of calcium signalling in phytochromemediated morphogenesis has been demonstrated by Shacklock and co-workers (Shacklock, Read & Trewavas 1992) . The increase of the total amount of calcium in the apical meristem during flower induction as measured in the present study was also shown in Sinapis alba by Havelange (1989) . It was anticipated that calcium patterning is involved in the control of development in the marine alga Acetabularia mediterranea. Here, a local change of calcium patterning precedes formation of hairs at the growing tip (Harrison, Graham & Lakowski 1988) . Calcium waves and gradients seem to be involved in plant morphogenesis in a similar manner to animals (Jaffe 1999) . The mechanism of their action has not yet been elucidated; however, it probably involves a high level of co-operation between the cell compartments and between the cells in tissue. The specificity of signalling is probably linked to shape and kinetics of calcium waves (Trewavas 1999) .
In this context, the question arises as to how cells can cope with such high calcium levels for hours at a time. One possible explanation might be that the changes are expressed in the form of very fast spikes, which are undetectable due to both a high affinity to calcium of the calcium probes used and the low time resolution of the confocal system. It must be remembered, however, that the levels of pH and calcium concentrations were estimated using the calibrations in vitro. It is well established, that the behaviour of the fluorescent probes is generally affected by the micro-environment in the cell, that is, by viscosity, ionic forces and the binding to proteins (Fricker et al. 1999; Baylor & Hollingworth 2000) . Therefore, the values given in this study do not necessarily reflect the real values in the cells, but most likely they give relative differences. This might also explain the unusually low pH values observed in our study. Keeping all these limitations in mind, we are sure about the clear-cut differences between the different treatments.
It should not be forgotten that there is little known about pH and calcium regulation in plant meristematic cells. The meristematic cells are unaccessible for ion electrodes due to their small size, and the studies in cell cultures neglect the influence of positional regulation in the tissue, which is essential for the control of development in plant tissue. Meristematic plant cells have some cytological specialties, for example, very dense cytoplasm, almost no vacuoles, proplastids instead of chloroplasts, simple structure of mitochondria, and a peculiar 'spiral' organization of the endoplasmic reticulum (Cumming & Wagner 1968; Bernier et al. 1981; Bernier 1988) . The different cytological features of meristematic cells allow us to suppose other mechanisms of metabolic regulation compared to differentiated ones.
The methods for preparation of the apical meristem and for determination of pH and calcium concentration are well established (Walczysko et al. 2000; Albrechtová et al. 2001) . We have tested very carefully the localization of the probes in the cells, regarding the frequently reported sequestration of the fluorescent probes in plant cells. However, we have never observed any indications in the images, even at high magnification, suggesting that sequestration of the probes into organelles other than the nucleus occurred (Albrechtová et al. 1997; Walczysko et al. 2000 ; Fig. 3 ). The intensity of fluorescence of the probes was higher in the nucleus, but no difference was detectable after rationing in comparison to the cytoplasm (Walczysko et al. 2000) . Hence, we could not detect any differences in the responses of the two compartments, in contrast to the results obtained for calcium in tobacco (van der Luit et al. 1999 , Pauly et al. 2000 . However, the fast response to acute stress, as measured in these studies might represent quite different situations when compared with a long-term developmental process. Our method is not capable of detecting the fast spikes persisting just for a few seconds that seem to be typical for signalling in the nucleus and regulating gene expression (Dolmetsch, Xu & Lewis 1998; Li et al. 1998) . The method was also successfully used in guard cells of Arabidopsis and Commelina (Kuchitsu et al. 2002) , suggesting, that the method is probably less problematic for use in plant cells than usually anticipated.
The cutting of the meristem is necessary for visualization of the inner cell layers and loading of the probes. Therefore, we cannot exclude a wound reaction of the tissue that might influence the results. The wound reaction is minimized by both the use of a vibratome (which was developed for cutting of living brain tissue) and the keeping of the meristem in buffer during the whole preparation. We could determine clear-cut differences between the treatments, and conclude therefore, that the wound reaction did not obscure the different responses between the treatments. Overall, our current results give new hints as to the mechanism of signal transduction in photoperiodic control of flower initiation. They also infer a new view on the mechanisms of photoperiodic flower induction. The results of this study confirmed the existence of specific changes in pH-and Ca 2+ patterning at the apical meristem during flower induction in Chenopodium species. We therefore conclude that the photoperiodic signal arrives at the apical meristem almost immediately after the critical dark span has been imposed on the leaves and that the changes in ion balance at the apical meristem are involved in the signal transduction leading to flower morphogenesis.
